Third-order optical nonlinearities in bulk and fslaser inscribed waveguides in strengthened alkali aluminosilcate glass 
Introduction
The choice of a proper material has shown to have a crucial role in the performance of optical devices. For example, glassy materials have been pointed out as promising candidates for photonics because of their linear and nonlinear optical properties, which can be controlled by changing the chemical composition. Additionally, glasses can be processed by direct laser writing to form robust platforms for optical devices [1] [2] [3] , enabling the design of three-dimensional structures within the volume of the material, opening a number of new possibilities in photonics [4] [5] [6] . Typical optical structures fabricated by femtosecond-laser micromachining include splitters and couplers [7, 8] , waveplates [9] , interferometers [10] , ring resonators [11] . Therefore, waveguides [12] [13] [14] [15] [16] have been receiving a great deal of attention given their crucial role in integrated photonics devices. Special glasses, among which strengthened alkali aluminosilicates, such as Corning Gorilla ® Glass-used as protective screen in mobile phones owing to its excellent mechanical and optical properties-have been shown to be suitable materials for fs-laser writing of waveguides [12, [14] [15] [16] . In this direction, investigations on the nonlinear optical properties of both bulk material and inscribed waveguides in Gorilla Glass are relevant for the proper evaluation of using such materials in the development of integrated optoelectronic and photonic devices; Gorilla Glass performance against intense laser pulses are unknown. Thus, this paper focuses on the determination of the magnitude and dynamics of third-order optical nonlinearities of Gorilla Glass, as well as on the evaluation of the linear and nonlinear performance
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Experimental
Third-order optical nonlinearities of Gorilla Glass, specifically the nonlinear absorption coefficient (β) and the nonlinear refractive index (n 2 ) were measured by the Z-scan technique [17, 18] . Response time measurements were carried out using the optical Kerr gate (OKG) technique [19] . Such experiments were performed using 150 fs pulses, at a 1 kHz repetition rate from a Ti:Al 2 O 3 laser amplifier, centered at 775 nm, as the excitation source for an optical parametric amplifier (OPA) that delivers 120 fs with tunable central wavelength. Z-scan measurements were performed in the spectral range of 490-1500 nm, with pulse energy from 100 to 300 nJ and beam waist varying from 14 to 27 µm. The signal was measured by a silicon or a germanium photodetector, depending on the wavelength range. OKG measurements were carried out at 520, 650 and 790 nm. Such experiments were performed in a 700 µm thick sample. A complete description of Z-scan and OKG setups used here can be found in [20] .
Femtosecond laser waveguide inscription was performed using a Ti:Al 2 O 3 laser amplifier (150 fs, 1 kHz 775 nm). The pulses were focused by a microscope objective with numerical aperture (NA) of 0.65 approximately 100 µm beneath the sample surface, which was mounted on a computer controlled 3D translation stage. While inscribed waveguides longitudinal and transversal profiles were evaluated via optical microscopy, their guided modes and transmission losses were characterized in a coupling system based on objective lens setup. In this setup, the laser beam is coupled into the waveguide by an input objective (NA = 0.25) and the transmitted light is collected by an output objective (NA = 0.65). The intensity profile of the guided modes within the waveguides were analyzed by projecting its image on a CCD camera, whereas guiding losses were determined by measuring the transmitted light using a photodetector. Coupling losses were estimated by calculating the mode mismatch and taking into account objective transmission and Fresnel losses. Such characterization was performed using continuous wave (cw) at 632.8 nm and 775 nm, from a He-Ne and Ti:Al 2 O 3 laser respectively.
Results
Closed-aperture Z-scan measurements on Gorilla Glass were performed from the visible to the telecommunications range, as shown in figure 1. As can be seen, the determined n 2 value is approximately constant in the studied spectral region (490-1500 nm), with a mean value of 3.3 ± 0.6 × 10 -20 m 2 W −1
. Such results show that Gorilla Glass exhibits a nonlinear index of refraction higher than fused silica, a material commonly used for comparison purposes, whose n 2 is on the order of 2.5 ± 0. [22, 23] . As is known, Gorilla Glass is strengthened via ion exchange, which results in the formation of a compression layer that extends about 150 µm below the surface. Therefore, since Z-scan measurements (figure 1) were carried out in the thin-sample regime, the measured nonlinear refractive indexes are, in fact, effective values that take into account the two compressed layers (in both sides of the sample) and the untreated layer (in the center), that comprise our sample (total length of 700 µm). In such a case, the total induced nonlinear phase is given by the sum of the nonlinear phases for each layer. Although the ion exchange process alters the glass composition and the mechanical properties of the compression layers, our results indicate that the nonlinear optical properties are not significantly affected, once the effective n 2 measured is very similar to the ones reported for the same class of glass [22, 23] , i.e. the nonlinear response of the compression (strengthened) layer is equal to that of the untreated region, within the experimental error. If that was not the case, an appreciable difference (outside the experimental error) on the measured effective nonlinear refractive index would be observed. It is also interesting to point out that a nonlinear absorption signal was not observed in open-aperture Z-scan measurements over the spectral region and intensity levels (~100 GW cm −2 ) used in the experiments. The response time of the nonlinear optical effect was determined by the OKG technique, which was performed at 520, 650 and 790 nm. A typical OKG signal obtained at 650 nm is shown in the inset of figure 1. When the signal is symmetrical with respect to the zero delay time, this indicates that the observed effect is faster than the laser pulse duration. For all three wavelengths used, the response time was verified to be the same, within the experimental error. In this case, the nonlinear optical process can be considered an ultrafast electronic process.
To evaluate the potential of Gorilla Glass for photonic devices, given its optical nonlinearities, 15 mm long waveguides were inscribed 100 µm beneath the sample surface and within the compression layer by using a Ti:Al 2 O 3 laser amplifier (~150 fs, 775 nm) operating at 1 kHz. Supplementary studies on the fs-laser micromachining of Gorilla Glass in the low repetition rate regime were performed (different scan speeds and pulse energies), from which we determined that the sample damage occurs for a pulse energy of approximately 475 nJ (results not shown). Also, from such supplementary studies we selected the pulse energy of 250 nJ (NA = 0.65) and scan speed of 200 µm s −1 as the optimal conditions to write homogenous waveguides in Gorilla Glass, as shown by the optical microcopy images in figure 2, which displays the longitudinal section of the waveguide (a) and its symmetric transversal profile (b). The intensity distributions shown in figures 2(c) and (d) represent the guided modes obtained at (c) 632.8 nm and (d) 775 nm, both exhibiting single mode guiding, probably due to the small waveguide diameter and smooth refractive index change induced during the fs-laser inscription. By fitting the guided intensity distribution with the well known analytical solution for a step-index profile single-mode cylindrical waveguide, we were able to estimate the refractive index change to be in the order of 1 × 10 In order to study optical nonlinearities on the inscribed waveguides, 150 fs pulses at 775 nm were coupled into 15 mm long waveguides using a microscope objective with NA = 0.25, which is smaller than the one employed for waveguide fabrication, in such a way that the inscribed waveguides are not damaged in this experiment. Such coupling has allowed a single mode guiding, similar to the one presented in figure 2 . The pulse spectra at the waveguide input and output were observed using a spectrometer added to the coupling system. For low input pulse energy (coupled energy smaller than 120 nJ), no changes in the spectral bandwidth have been observed in the output pulse spectrum (spectrum similar to the gray line shown in figure 3(a) ). However, when a pulse energy of 260 nJ is coupled to the waveguide, a broadened spectrum is observed at the output, generated by the nonlinear optical effect at higher input pulses energies. The spectral broadening at the output is visualized in figure 3 (a) (black) and can be compared to the input spectrum (gray). Such spectral broadening is assigned to self-phase modulation, as evidenced by the presence of the characteristic self-phase modulation peaks observed in figure 3(a) [24] . Figure 3(b) shows the wider spectral broadening (black) achieved with input pulses of 380 nJ, which is compatible with the n 2 value determined by the Z-scan measurements. The gray line in this figure displays the transmittance of the filter used to block part of the intense 775 nm laser employed. Such a white-light continuum (WLC) generated (450-800 nm) is again attributed to self-phase modulation and higher order nonlinear phase-matched processes [25] . An image of the guided mode is displayed as an inset in figure 3(b) , showing that the WLC intensity distribution is rather homogeneous. As expected, the waveguide performance is not altered by the WLC generation experiment, under the conditions employed here.
Previous studies have reported spectral broadening and WLC generation resulting from ultrashort pulse propagation in tapered fibers [26] . Such studies have shown a trade-off between dispersion and nonlinearities during pulse propagation. The length scale for dispersion effects to become relevant during pulse propagation, called the dispersion length, is defined as
, in which T 0 is the pulse duration (150 fs), λ is the wavelength (775 nm), c is the speed of light, and D is the dispersion coefficient. Given that the refractive index change induced in fs-laser inscribed waveguides is on the order of 10 −3 , its guiding properties can be interpreted in the weakly guiding regime [27] , which leads to D = −100 fs (nm·m) −1 for the waveguides fabricated here. In this way, the fs-inscribed waveguides yield L D ≈ 1 m and operate on the normal dispersion regime (D < 0). Similarly, the length scale regarding nonlinear optical effects, called nonlinear length, is defined as L NL = T 0 /(γE 0 ). The nonlinear optical parameter γ = 2πn 2 /(λA eff ) depends on the nonlinear refractive index n 2 , measured by the Z-scan technique (figure 1) and on the effective area, A eff , of the modal distribution, obtained from the results presented in figure 3 . Estimating the coupled energy inside the waveguide as E 0 ≈ 200 nJ, by evaluating the coupling losses, and using the laser parameter, such as pulse duration and wavelength (150 fs and 775 nm), the nonlinear length L NL ≈ 2 mm is obtained. Since the calculated dispersion length (L D ≈ 1 m) is much longer than the waveguide interaction length (15 mm), dispersion effects are not significant during pulse propagation. On the other hand, nonlinear optical effects, here manifested through spectral broadening and white-light generation, are expected to be observed in the case of a nonlinear length smaller than the waveguide length.
Conclusion
The optical nonlinearities, magnitude and time response, of bulk Gorilla Glass and the performance of fs-laser inscribed waveguides have been evaluated in the femtosecond pulse regime. Z-scan measurements revealed that the effective nonlinear index of refraction measured has a constant value on the order of 3.3 ± 0.6 × 10 -20 m 2 W −1 for wavelengths ranging from 470 nm up to 1500 nm (VIS-NIR region). Such nonlinearity is responsible for generating both white-light and spectral broadening in waveguides written using femtosecond pulses of 250 nJ. The analysis of guiding modes, dispersion and nonlinear optical effect in such waveguides revealed that Gorilla Glass presents a performance comparable with other glasses, being useful for the development of integrated nonlinear optical platforms.
